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ABSTRACT 

Telomeric DNAs consist of tandem repeats of 
G-clusters such as TTAGGG and TG^, which are 
the human and yeast repeat sequences, respect- 
ively. In the yeast Saccharomyces cerevisiae, the 
telomeric repeats are non-nucleosomal, whereas 
in humans, they are organized in tightly packaged 
nucleosomes. However, previous in vitro studies 
revealed that the binding affinities of human and 
yeast telomeric repeat sequences to histone 
octamers in vitro were similar, which is apparently 
inconsistent with the differences in the human and 
yeast telomeric chromatin structures. To further in- 
vestigate the relationship between telomeric 
sequences and chromatin structure, we examined 
the effect of telomeric repeats on the formation of 
positioned nucleosomes in vivo by indirect 
end-label mapping, primer extension mapping and 
nucleosome repeat analyses, using a defined 
minichromosome in yeast cells. We found that the 
human and yeast telomeric repeat sequences both 
disfavour nucleosome assembly and alter nucleo- 
some positioning in the yeast minichromosome. 
We further demonstrated that the G-clusters in the 
telomeric repeats are required for the nucleosome- 
disfavouring properties. Thus, our results suggest 
that this inherent structural feature of the telomeric 
repeat sequences is involved in the functional 
dynamics of the telomeric chromatin structure. 

INTRODUCTION 

In eukaryotic chromosomes, the nucleosome is a funda- 
mental structural and functional unit, composed of a 



histone octamer (two molecules each of histones H2A, 
H2B, H3 and H4) and 146 bp of DNA (1,2). The ends of 
linear chromosomes are called telomeres, and they play 
many important structural and functional roles in 
genome stabilization and maintenance (3-5). Telomeric 
DNAs consist of tandem repeats of 5-8 bp. In human 
and yeast, the repeat sequences are TTAGGG and 
TGi_ 3 , respectively, and these G-rich strands are 
extended to form a 3' single strand tail (6). There are char- 
acteristic differences in telomere organization between 
lower and higher eukaryotes (3-5). The lengths of the 
telomeric repetitive elements are relatively short, and are 
typically a few hundred base pairs in yeasts and other lower 
eukaryotes. In contrast, the repetitive elements in higher 
eukaryotes are several thousand base pairs long, and their 
lengths are highly variable. Furthermore, in lower eukary- 
otes, the telomeric tandem repeats are organized within a 
non-nucleosomal chromatin structure, in which they are 
covered by an array of Rapl and other protein components 
(3,4,7). In contrast, the telomeric repeats in higher eukary- 
otes are organized within tightly packaged nucleosomes (8- 
15), and the TRF1 and TRF2 proteins, which directly bind 
to telomeric repeat sequences (16-18), form a complex with 
nucleosomes (19-24). Thus, the organization of the chro- 
matin structures in the telomeric repeat regions is remark- 
ably different between lower and higher eukaryotes. 

Although histones are non-specific DNA binding 
proteins, nucleosome formation is influenced by DNA 
sequences and their structural properties. For example, 
some repeating sequences, such as (A) n -(T) n , 
(CG) n (GC) n and (CGG) n • (GCC) n , block nucleosome 
formation, and their insertions strongly perturbed the pos- 
itioning of nucleosome arrays in the yeast genome as well 
as in minichromosomes (25-27). In contrast, the human 
oc-satellite DNA and the 601 sequence form stable nucleo- 
somes, which have been analysed in detail by X-ray crys- 
tallography (28,29). Regarding telomeric repeat 
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sequences, the free energies of nucleosome formation have 
been extensively analysed by competitive reconstitution 
assays of nucleosomes in vitro, which revealed that the 
human and yeast telomeric repeats have similar binding 
properties. Their affinities for the histone octamers were 
the lowest among the various sequences tested (4,30-32). 
These results suggested that the telomeric repeats require 
more energy for nucleosome formation in vitro, as 
compared with nucleosomes containing non-telomeric 
sequences. Consistent with this feature, using a restriction 
enzyme assay and atomic force microscope (AFM) 
imaging, it was demonstrated that the human telomeric 
nucleosomes have a peculiar feature, in which they are 
highly intrinsically mobile under physiological conditions 
(33,34). These in vitro studies seemed to argue against the 
difference in the nucleosome organization in the telomeric 
repeats between humans and yeasts in vivo. Thus, telo- 
meric nucleosome formation and its properties in vivo 
remain to be elucidated. 

To examine the effect of telomeric repeats on nucleo- 
some formation in vivo, we utilized a defined yeast 
minichromosome system, which consists of an array of 
positioned nucleosomes. We have shown that the forma- 
tion of positioned nucleosomes in the minichromosomes is 
inhibited by the insertions of telomeric repeats, in a 
length-dependent manner. Thus, our results implied that 
both the human and yeast telomeric repeats share the 
common feature of disfavouring nucleosome formation 
in vivo. 



hTELn : (TTAGGG) n ( n = 2, 4, 6, 1 2, 29 ) 
Sl-An : (TGTAGG) n ( n = 6, 1 2 ) 
Sl-Bn : (TGTGAG) n ( n = 6, 1 2 ) 

yTELn : (TGTGTGGG) n ( n = 4.5, 9 ) 




Figure 1. Chromatin structure of the TALS minichromosome in 
MATa cells. Human or yeast telomeric repeat sequences (TTAGGG) n 
(n = 2, 4, 6, 12 and 29, denoted as hTELn), (TGTGTGGG) n (n = 4.5 
and 9, denoted as yTELn) or the sequence isomers of the human repeat 
(TGTAGG) n (n = 6 and 12, denoted as SI- An), (TGTGAG) n (n = 6 
and 12, denoted as SI-Bn), as indicated by the black box, were 
introduced into the Sacl site (1459 nt) in the centre of nucleosome IV 
(1375-1 520 nt). The a2 operator is shown by the hatched box, and the 
positioned nucleosomes IV and V (1592-1733 nt) are shown by the grey 
ellipses. HSR A is the nuclease hyper-sensitive region A, containing the 
ARS1 region. The unique EcoRY (385 nt) and Hindlll (615nt) sites are 
indicated. The location of the MS-2 primer is indicated by the arrow. 



MATERIALS AND METHODS 

Plasmids and strains 

A set of oligonucleotides bearing telomeric repeats [(TTA 
GGG) n , n = 2, 4, 6 and (TGTGTGGG) n , n = 4.5, 9] and 
the sequence isomers of the human telomeric repeat, [(TG 
TAGG) n and (TGTGAG) n ], with 3'-overhangs of Sacl 
sites were synthesized chemically, annealed to form the 
double-stranded fragments and ligated into the Sacl site 
of the vector TALS-pBR322ARI (26,35), forming 
the hTEL2-, hTEL4-, hTEL6-, yTEL4.5-, yTEL9-, 
SI-A6-, SI-A12-, SI-B6- and SI-B12-TALS-pBR322ARI 
plasmids, respectively. A set of oligonucleotides with (T 
TAGGG)i2 and Sacl sites at the ends were synthesized 
chemically, annealed and ligated into the pTA2 vector, 
forming the pTA2-hTEL12 plasmid. The (TTAGGG)i 2 
fragment was excised with Sacl and inserted into the 
TALS-pBR322ARI plasmid, to form hTEL12-TALS- 
pBR322ARI. The (TTAGGG) 2 9 fragment was prepared 
as described (36), and the fragment was ligated with a Sacl 
adapter and inserted into the Sacl site of TALS- 
pBR322ARI, to form hTEL29-TALS-pBR322ARI. The 
locations of the inserts are schematically shown in 
Figure 1. All of the constructed plasmids were verified 
by DNA sequencing. The pBR322ARI portion was 
eliminated by a digestion with Hindlll, and the TALS 
portions were self-ligated and transformed into the 
Saccharomyces cerevisiae strain AMP 108 [MATa ura3 
trpl leu2 lys2 ho::LYS2] (37). 



Analysis of chromatin structure 

The isolation of nuclei from yeast cells, the digestion of 
the nuclei with micrococcal nuclease (MNase) and the 
analysis of MNase cleavage sites by indirect end-label 
mapping were described previously (26,35,38,39). The 
MNase cleavage sites were also analysed by primer exten- 
sion mapping at base pair resolution using the MS-2 
primer (1735-1701 nt in TALS), as described previously 
(26,40) with a minor modification: the Ampdirect® for G/ 
C-rich region (Shimadzu), instead of the 5x Taq polymer- 
ase buffer, was used for the primer extension. The nucleo- 
some repeat assay was performed as described (26,38). An 
oligonucleotide with the sequence 5'-GTT TCA GAT 
ATG AAA ACT GTT GCA TTA TTG CCG TTC 
ATC ATT TTC GA-3' (bottom strand of 1513-1467 nt) 
was radioactively labelled by T4 polynucleotide kinase 
with [y— 32 P] ATP, and used as the proximal probe (26). 
The DNA fragment of the nucleosome IX region 
(38 1-497 nt), which was prepared by polymerase chain 
reaction, was radioactively labelled using the BcaBest 
Labeling kit (TAKARA) with random primers, and 
used as the distal probe. The results from the indirect 
end-label mapping, primer extension mapping and nu- 
cleosome repeat assays were visualized with a Typhoon 
FLA 7000 biomolecular imager (GE Healthcare Life 
Sciences). 
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RESULTS 

Experimental design 

To examine the effects of telomeric repeat sequences on 
nucleosome formation in vivo, we designed various lengths 
of the repeats (Figure 1). (TTAGGG) n (n = 2, 4, 6, 12 and 
29) are human sequences, and are referred to as hTEL2, 
hTEL4, hTEL6, hTEL12 and hTEL29, respectively. (TGT 
GTGGG) n (n =4.5 and 9) are yeast sequences, and are 
referred to as yTEL4.5 and yTEL9, respectively (their 
lengths are equivalent to those of hTEL6 and hTEL12, 
respectively). As control inserts, we also designed 
sequence isomers for the human telomeric repeat, in 
which the base composition in the repeat remained un- 
changed, but the sequences were altered. The two 
sequence isomers (TGTAGG) n and (TGTGAG) n (n = 6 
and 12) are referred to as SI-A6, SI-A12, SI-B6 and 
SI-B12, respectively. We inserted these repeats into the 
centre of the nucleosome IV region in the TALS vector 
(Figure 1) and introduced them into a MATa strain for 
chromatin (the TALS minichromosome) assembly in vivo. 

Prior studies showed that the TALS minichromosome 
consists of 10 positioned nucleosomes in M^47occells 
(Figure 1) (35,40,41). The oc2 operator is located in the 
region of 1535-1565 nt in TALS, and nucleosome IV is 
positioned both translationally and rotationally in the 
region of 1375-1 520 nt adjacent to the oc2 operator in 
TALS in MAT a cells, but not in MAT a cells. 
Nucleosome positioning by the oc2 repressor depends on 
the Tupl corepressor and the Isw2 chromatin remodelling 
complex (42-45), indicating that the nucleosomes are 
formed at the proper positions by the oc2 repressor 
complex in an active manner. This minichromosome 
system has been utilized to examine the effects of specific 
DNA sequences such as poly dA-poly dT (26), as well as 
the binding of transcription factors, including Gal4, 
Bicoid and Hapl (46-49), to their cognate sites within 
the nucleosome in vivo. In these studies, several DNA frag- 
ments, such as GC(GAGCTCGC) 6 (50 bp), (CA) 17 (34 bp) 
or the CYC1 UAS1 (27 bp), which were inserted into the 
centre of the nucleosome IV region in the TALS vector, 
were incorporated in the positioned nucleosome IV 
(26,46). The nucleosomes are positioned independently 
of the sequences flanked by the oc2 operator in both 
circular minichromosomes and a-cell- specific genes in 
the linear chromosomes (40,46,50,51), indicating that 
the chromatin assembly properties of the TALS 
minichromosome are comparable with those of the yeast 
genome. Thus, this system would be appropriate to 
examine the features of telomeric repeats for nucleosome 
assembly in vivo, even though telomeres constitute the 
ends of linear chromosomes. 

Effect of telomeric repeats on nucleosome positioning 

We analysed the chromatin structures of the TALS 
minichromosomes with or without telomeric repeats by 
limited digestion of nuclei with several different concen- 
trations of MNase, which preferentially cuts between nu- 
cleosomes, and subsequent indirect end-label mapping 
(Figure 2). As indicated by a comparison of the MNase 



cleavage patterns between samples of chromatin as a 
minichromosome and its naked DNA (marked as 'C 
and 'D' for chromatin and naked DNA, respectively), 
the TALS minichromosome without telomeric repeats 
clearly showed protected regions that occur periodically 
(Figure 2, lanes 2-4), which correspond to the locations 
of nucleosomes I~VII. These results are consistent with 
previous studies (26,35,40,41). The cleavage patterns of 
the minichromosomes containing relatively shorter 
repeats, such as hTEL2 and hTEL4 (Figure 2, lanes 5, 6, 
8 and 9), were similar to that of the TALS 
minichromosome (Figure 2, lanes 2 and 3). These results 
indicated that these shorter repeats were incorporated in 
the positioned nucleosome IV. 

On the other hand, the MNase cleavage patterns at or 
near the nucleosome IV region of the hTEL6 
minichromosome (Figure 2, lanes 11 and 12) were signifi- 
cantly different from those of the TALS minichromosome 
without telomeric repeats (lanes 2 and 3), and were closer 
to the cleavage pattern of the hTEL6 naked DNA (lane 
13). The cleavage sites near the insert (indicated by the 
arrow in lanes 11-13 in Figure 2) were detectable in 
both the chromatin and naked DNA samples. In 
contrast, analyses of the sequence isomers with the same 
length (36 bp), as controls for hTEL6, revealed that this 
site was protected in the SI-A6 and SI-B6 
minichromosomes (Figure 2, lanes 17, 18, 20 and 21). 
These results indicated that both sequence isomers were 
incorporated into nucleosome IV, but hTEL6 was not 
incorporated. The linker region between nucleosomes II 
and III in the hTEL6 minichromosome, as well as those in 
the SI-A6 and SI-B6 minichromosomes, appeared mostly 
unaffected, suggesting that the insertion of the hTEL6 
repeat inhibits the formation of the positioned nucleosome 
IV, but not that of nucleosome III. 

We compared the MNase cleavage patterns of the 
hTEL12 minichromosome with its sequence isomers, the 
SI-A12 and SI-B12 minichromosomes. For the SI-A12 
minichromosome, the insert was protected from MNase 
digestion (Figure 2, lanes 29 and 30), as compared with 
that in the naked DNA (Figure 2, lane 31), indicating that 
the nucleosome IV was positioned. On the other hand, the 
MNase cleavage was inefficient within the hTEL12 and 
SI-B12 inserts (indicated by black boxes) in both the chro- 
matin and naked DNA samples (Figure 2, lanes 23-25 and 
32-34). Thus, the indirect end-labelling could not clarify 
whether nucleosome IV in the hTEL12 minichromosome 
is present between the oc2 operator and the sites indicated 
by the arrow (Figure 2, lanes 23 and 24). It should be 
noted that, as judged by the MNase cleavage at the 
edges of nucleosome III, the region between nucleosomes 
III and IV became wider, and it appeared that one add- 
itional nucleosome was accommodated between nucleo- 
somes III and IV in the SI-A12 and SI-B12 
minichromosomes (Figure 2, lanes 29, 30, 32 and 33, 
marked with a white circle with no number). As a result, 
the position of nucleosome III in the minichromosomes 
containing SI-A12 or SI-B12 was shifted slightly towards 
nucleosome II, as compared with the original position of 
nucleosome III in the TALS minichromosome. Thus, 
although the assembly of nucleosome IV occurs 
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Figure 2. Indirect end-label mapping of MNase cleavage sites in TALS and its derivatives. The samples were digested with EcoRY and resolved by 
electrophoresis on a 1.2% agarose gel, and the samples were transferred to a nylon membrane for Southern blotting. The MNase cleavage sites were 
detected by indirect end-labelling using the EcoRY-Hindlll fragment (385-615 nt in TALS; see Figure 1) as a probe (35,40,41). The locations of the 
nucleosomes and the a2 operator are illustrated on the left of the gel. Lanes labelled with 'C indicate MNase digestion of isolated nuclei (chromatin) 
at two nuclease concentrations, and lanes labelled with 'D' indicate digestion of the naked DNA as a control. The lane labelled with 'M' indicates 
DNA markers, which were visualized by ethidium bromide staining on the same agarose gel used for the indirect end-labelling analysis. Solid and 
dotted circles indicate the positioned nucleosomes and the nucleosome disrupted by the inserts, respectively. The locations of the DNA inserts are 
indicated by black boxes. The characteristic MNase cleavage site near the inserts is indicated by arrowheads. For the TALS, hTEL2, hTEL4, hTEL6, 
hTEL12 and hTEL29 samples, each set of chromatin and naked samples was analysed on the same agarose gel, and the lanes were rearranged for 
clarity. 



independently of the sequences per se flanked by the oc2 
operator, the organization of an array of positioned nu- 
cleosomes in the minichromosomes can be affected by the 
lengths of the inserts. 

Similar to the results obtained with the hTEL12 insert, 
the region of the hTEL29 insert was not cleaved by 



MNase in its chromatin and naked DNA samples 
(Figure 2, lanes 35-37), and thus it is not clear whether nu- 
cleosome IV is present in the hTEL29 minichromosome. 
Therefore, we conducted high-resolution mapping of the 
MNase cleavage sites by primer extension and nucleosome 
repeat assays, as described below. Together with the 
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indirect end-labelling results, we will discuss the effects of 
these longer telomeric insertions on the positioning of nu- 
cleosome IV in the minichromosomes. 

We also examined the effects of yeast S. cerevisiae 
telomeric repeats (yTEL4.5 and yTEL9), which were the 
same lengths as the hTEL6 and hTEL12 inserts, 
respectively. The alterations in the MNase cleavage 
patterns in the nucleosome IV region in the yTEL4.5 
(Figure 2, lanes 14-16) and yTEL9 (Figure 2, lanes 26-28) 
minichromosomes were similar to those of the hTEL6 
(Figure 2, lanes 11-13) and hTEL12 minichromosomes 
(Figure 2, lanes 23-25), respectively. Thus, both the 
human and yeast telomeric repeats have similar properties 
to alter nucleosome positioning in yeast cells in vivo. 

High-resolution mapping of MNase cleavage sites in the 
nucleosome IV region 

To clarify the alterations of nucleosome positioning by the 
telomeric repeat insertions in more detail, we performed 
primer extension mapping of the MNase cleavage sites 
at base-pair resolution (Figure 3 and Supplementary 
Figure SI). The effects of the insertions on the nucleosome 
positioning were monitored by the cleavage sites in the 
naked DNA (the bands marked with *a, *b and *c) and 
the cleavage of the inserted repeats in the region of 
nucleosome IV. A region encompassing ~ 140 bp of nu- 
cleosome IV was protected against MNase digestion in 
the TALS chromatin sample (Figure 3, lane 1) as well as 
the hTEL2 chromatin (Figure 3, lane 3), as compared with 
the digestion of their naked DNAs (Figure 3, lanes 2 and 
4), indicating that 12 bp of human telomeric repeats were 
incorporated in the positioned nucleosome IV. For the 
hTEL4 chromatin (Figure 3, lane 5), the cleavage sites 
indicated by *a-*c were less protected, as compared with 
those of the hTEL2 chromatin (Figure 3, lane 3), and the 
region of the hTEL4 insert became accessible to MNase. 
This implied that the positioning of nucleosome IV is par- 
tially destabilized by the insertion of the 24-bp repeats. 
These subtle changes by the hTEL4 insertion could not 
be detected clearly by indirect end-labelling; therefore, 
primer extension mapping was used as a more sensitive 
assay with higher resolution. 

As the repeat length increased to ^36 bp (hTEL6, 
hTEL12, hTEL29, yTEL4.5 and yTEL9), the MNase 
cleavage sites indicated by *a, *b and *c in the region of 
nucleosome IV were prominently detectable in their chro- 
matin samples to the same extent as in the naked DNA 
samples. Furthermore, MNase cleavage within the inserts 
of hTEL6, hTEL12 and hTEL29 was detectable at a similar 
level between the chromatin (Figure 3, lanes 7, 15 and 23) 
and the naked DNA samples (lanes 8, 16 and 24). In 
contrast, in the minichromosomes containing the non-telo- 
meric sequence isomers (SI-A6, SI-A12, SI-B6 and SI-B12), 
the nucleosome IV regions including the sites with *a, *b 
and *c and the inserted repeats were protected from MNase 
digestion (Figure 3, lanes 11, 13, 19 and 21). Thus, taken 
together with the end-label mapping results, our analyses 
clearly showed that the insertions of human and yeast telo- 
meric repeats longer than 36 bp disrupt the formation of the 
positioned nucleosome IV. 



Effect of the telomeric repeats on nucleosome spacing 

We further examined the effect of the telomeric repeats on 
the nucleosome spacing in the minichromosomes, using 
the nucleosome repeat assay. In this assay, Southern 
blots of nucleosome ladders produced by MNase digestion 
were hybridized with probes that are proximal or distal to 
the nucleosome IV region. Figure 4A shows the results of 
the nucleosome repeat assay, detected using a proximal 
probe containing a complementary sequence (1513-1467 
nt) near the DNA insertion site in the nucleosome 
IV region, which was successfully used in a similar 
previous analysis (26). The nucleosome ladders of the 
minichromosomes containing the shorter telomeric 
repeats (hTEL2 and hTEL4, lanes 5-9 in Figure 4A) 
were quite similar to that of the vector TALS 
minichromosomes (lanes 2-4), indicating that the hTEL2 
(12 bp) and hTEL4 (24 bp) repeats were incorporated into 
nucleosome IV in the array of nucleosomes with regular 
spacing. 

In contrast, the nucleosome ladders were smeared 
for the minichromosomes containing the 36-bp telomeric 
repeats (hTEL6 and yTEL4.5, lanes 10-15 in Figure 4A), 
as compared with the control insert SI-A6 and SI-B6 
(36 bp) minichromosomes (lanes 16-21), and significant 
amounts of MNase-digested fragments shorter than the 
mono-nucleosomal DNA band were detected (marked 
with *a, lanes 10-15). For the minichromosomes contain- 
ing the 72-bp telomeric repeats (hTEL12 and yTEL9, 
lanes 22-27), the nucleosome ladders became more 
smeared, and the shorter fragments (marked with *a) 
were also detectable. In contrast, the control SI-A12 and 
SI-B12 (72 bp) minichromosomes showed clear nucleo- 
some ladders (Figure 4A, lanes 28-33), indicating that 
the insertions of the control sequence isomers did not 
affect the regular spacing in the nucleosome arrays. It 
should be noted that for the SI-A12 and SI-B12 
minichromosomes, the ladders of mono- and 
dinucleosomes appeared more discretely, as compared 
with those of the TALS minichromosome (lanes 2-4), 
indicating that the nucleosomes are more tightly packed 
in the SI-A12- and SI-B12-containing minichromosomes. 
This is consistent with the indirect end-label mapping 
results (Figure 2, lanes 29-34), in which one additional 
nucleosome was present in the region between nucleo- 
somes III and IV. 

Similar to the hTEL12 minichromosome (Figure 4A, 
lanes 22-24), a smeared pattern of nucleosome ladders 
was observed for the hTEL29 minichromosome 
(lanes 34-36). The smearing of the nucleosome ladders 
indicated that the nucleosome IV regions near the inserts 
completely lost their spacing periodicity. The shorter frag- 
ments marked with *a were attributed to the extensive 
digestion of the nucleosome IV region with MNase, 
implying that the insertion of hTEL6, hTEL12, hTEL29, 
yTEL4.5 and yTEL9 prevented the histone octamers from 
binding to the nucleosome IV region. 

Using the same method, the nucleosome spacing in the 
TALS and its derivative minichromosomes distal to the 
nucleosome IV region was examined, by hybridizing 
the blots with a distal probe containing a sequence 
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Figure 3. High-resolution primer extension mapping of MNase cleavage sites in the nucleosome IV regions in TALS and its derivatives containing 
human and yeast telomeric repeats or control inserts. Lanes labelled with 'C indicate MNase digestion of isolated nuclei (Cl in Supplementary 
Figure SI), and lanes labelled with 'D' indicate digestion of the naked DNA (D in Supplementary Figure SI), as a control. The locations of the DNA 
inserts are indicated by black boxes. The characteristic MNase cleavage sites in the nucleosome IV region are indicated by asterisks. The locations of 
nucleosome IV and the a2 operator in the TALS minichromosome are schematically shown on the left of the gel. The horizontal dashed lines 
indicate the regions corresponding to nucleosome IV in the TALS minichromosomes. 
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within the nucleosome IX region (381-497 nt). As shown 
in Figure 4B, the nucleosome ladders from all of the 
minichromosomes appeared identical to the canonical nu- 
cleosome ladders, demonstrating that the perturbation of 
the nucleosome spacing near the nucleosome IV region, by 
the insertion of telomeric repeats, does not propagate into 
the distal nucleosome IX region. 



DISCUSSION 

Using the defined yeast minichromosome system, we 
examined the effects of telomeric repeat sequences on 
the formation of nucleosomes in vivo, by three different 
analyses (indirect end-label mapping, high-resolution 
primer extension mapping and nucleosome repeat assay). 
Previous studies showed that telomeric repeat regions 
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Figure 4. Nucleosome repeat analysis of TALS and its derivative minichromosomes. DNAs from MNase-digested chromatin samples (isolated 
nuclei) were fractionated by 1.3% agarose gel electrophoresis, and the samples on the gel were transferred to a nylon membrane for Southern 
blotting. The membrane was probed with 32 P-labelled proximal (A) or distal (B) probes (see Materials and Methods, and Results). The locations of 
the proximal and distal probes are schematically drawn on the TALS minichromosome. The lane labelled with 'M' indicates DNA markers, which 
were visualized by ethidium bromide staining on the same agarose gel used for the nucleosome repeat assay. 
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Figure 4. (Continued). 



assume a non-nucleosomal chromatin structure in 
S. cerevisiae (3,4,7), whereas they are organized in 
tightly packaged nucleosomes in human (10,12). 
However, we found here that the human and yeast telo- 
meric repeats have similar properties, as they both disfa- 
vour nucleosome formation in the yeast minichromosomes 
in vivo. 

In principle, there are two possible mechanisms for the 
alterations of nucleosome assembly and positioning by the 
longer telomeric repeats. One is the occupation of the 



repeat by yeast DNA binding proteins, such as the TTA 
GGG-binding protein factor 1 (Tbfl) and the yeast telo- 
meric binding protein Rapl. For the insertion of human 
telomeric repeats in the minichromosomes, the two and 
four binding sites in hTEL2 and hTEL4 might be insuffi- 
cient for Tbfl binding to compete with nucleosome for- 
mation, but > 6 binding sites (hTEL6 or more) are 
sufficient. However, we believe this is unlikely to occur 
because Tbfl reportedly functions by binding to a 
5'-aRCCCTaa-3' site, which corresponds to one human 
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telomeric repeat, in the upstream regions of many small 
nucleolar RNA genes (52). Furthermore, although one or 
two human telomeric repeats are present, repeats of three 
or more have not been detected in the S. cerevisiae 
genome. Rapl would not be involved in the mechanism 
for the nucleosome-disfavouring properties of the human 
telomeric repeats, as it does not bind to them (53,54). For 
the insertion of yeast telomeric repeats, Rapl could 
compete with the histone octamers to bind to yTEL4.5 
and yTEL9 (53,54). 

The other mechanism would be the inherent structural 
features of the telomeric repeat sequences. To clarify the 
sequence requirements in the molecular mechanism, we 
analysed the sequence isomers of TTAGGG, (TGTAGG) n 
and (TGTGAG) n , in which the three consecutive G 
residues, as a defining characteristic of the telomeric 
repeat, are dispersed, while the same base composition is 
maintained. The inserts of the sequence isomers with 
lengths of 36 and 72 bp were both incorporated into the 
positioned nucleosome IV, whereas the hTEL6 (36 bp) 
and hTEL12 (72 bp) inserts were not. Thus, the 
G-cluster in the telomeric repeats is essential for the 
nucleosome-disfavouring properties. 

As shown in Figure 5A, the hTEL2 and hTEL4 inserts 
were incorporated in nucleosome IV and were located 
near the pseudo-dyad axis. On the other hand, the pos- 
itioning of nucleosome IV was disrupted in the 
minichromosomes containing longer hTEL12, yTEL9 or 
hTEL29 sequences. We then focused on hTEL6 and 
yTEL4.5, which were relatively short but were not 
incorporated in nucleosome IV in the TALS 
minichromosome. The locations of their sequences were 
projected on the DNA path of the yeast nucleosome 
crystal structure, which was determined by White et al. 
(29) (Figure 5B). The DNA path of these repeats (36 bp) 
would span from superhelix axis location (SHL) +1 to 
—2.5, containing four minor groove contact sites (SHL 
+0.5, —0.5, —1.5 and —2.5). These sites involve inter- 
actions with the H3-H4 tetramer and part of the H2A- 
H2B dimer. In contrast, the path of the hTEL4 repeat 
(24 bp) would span from SHL +1 to —1 with two 
contact sites (SHL +0.5 and —0.5), and involve inter- 
actions with the H3-H4 tetramer. Thus, the bendability 
of the telomeric repeats may become more restricted as the 
repeat length increases. This idea is consistent with the 
previous reports that the DNA structures containing con- 
secutive G residues are quite unusual. The d(G-G-G-G) 
segments in the d(G-G-G-G-C-C-C-C) crystal structure 
form the A-type double helix (55). In the aqueous DNA 
duplex of this octamer, the guanine-guanine stacking is A- 
like (56). Thus, owing to the A-like structural properties of 
the G-clusters (55-57), telomeric repeats longer than 36 bp 
may be too rigid to wrap around the histone octamer, 
particularly on the DNA path of SHL -1 to -2.5, 
which is the region predicted to be spanned by hTEL6 
and yTEL4.5, but not hTEL4. In terms of the molecular 
mechanism, the periodic appearance of the G-clusters in 
the repeats disfavours nucleosome formation. 

Alternatively, telomeric repeat sequences are known to 
form G-quadruplexes (G4) (4), and hence G4 formation 
may prevent nucleosome assembly on the telomeric 
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Figure 5. (A) Summary of the effect of telomeric repeats on nucleo- 
some formation in the TALS minichromosomes. Solid and dotted 
ellipses indicate the presence and absence of the positioned nucleosome 
IV, respectively. Insertions of the telomeric repeats (hTEL2, hTEL4, 
hTEL6, hTELI 2 and hTEL29 for humans, and yTEL4.5 and yTEL9 
for yeasts) and the a2 operator are indicated by black and hatched 
boxes, respectively. The DNA regions interacting with the histone 
H3-H4 tetramer and the H2A-H2B dimers are shown by blue and 
orange dashed lines, respectively. (B) A projection of 36 bp of the telo- 
meric repeats (hTEL6 or yTEL4.5) on the crystal structure of the yeast 
nucleosome core particle (PDB: 1ID3), which was determined by White 
et al. (29). The DNA path from SHL —3 to +3 is shown on the struc- 
ture, and DNA strands (red) show 36 bp of the hTEL6 or yTEL4.5 
region. Histone chains are shown in orange for H2A and H2B, and 
blue for H3 and H4. 
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repeats. A model has been proposed for the stalling of 
replication forks at telomeric repeats, due to G4 folding 
(58). However, recent studies revealed that DNA 
polymerase 5 stalls on telomeric lagging strands 
independently from G4 formation (59). Thus, it is uncer- 
tain whether G4 folding occurs during replication at 
telomeric repeats inserted in the TALS minichromosome, 
and if so, whether the G4 structures are involved in 
the nucleosome-disfavouring properties of telomeric 
repeats. 

Previous in vitro studies revealed that the free energies 
for nucleosome formation of telomeric repeat sequences 
from several organisms, including human and yeast, 
were comparable, and they are the lowest among the 
various sequences tested (4,30-32). Most telomeric 
repeats are predicted to be linear (4,11), and thereby 
would require more energy for bending to form nucleo- 
somes. This idea is consistent with our results that longer 
repeats suppress nucleosome formation, as discussed 
above. In addition, in vitro DNase I and lambda exonucle- 
ase footprinting studies showed that nucleosomes occupy 
multiple positions on the telomeric repeats (31). An AFM 
imaging analysis revealed that the spacing between nucleo- 
somes on 800-1 500 bp of human telomeric repeats varied 
randomly, whereas the nucleosomes on the 5S ribosomal 
DNA and the 601 sequences were uniformly spaced 
(34,60). These studies clearly demonstrated that the nu- 
cleosomes formed on the human telomeric repeats are 
labile, and highly intrinsically mobile. Our finding that 
the telomeric repeats act as nucleosome-disfavouring 
sequences in vivo is consistent with the features of nucleo- 
somes reconstituted from the human telomeric repeats 
in vitro. 

Nonetheless, tightly packaged nucleosomes are formed 
in the tandem repeats of human telomeres. In previous 
studies, Southern blots of MNase-digested chromatin 
were probed with telomeric repeat sequences (10,12), 
which is a typical method for analysing the 
nucleosome organization of bulk chromatin. Hence, if 
the fraction of the nucleosome-free region were smaller, 
then it would be harder to detect. In contrast, our 
approach included a detailed analysis for properly 
positioned nucleosomes without human telomeric factors 
in yeast cells, and thereby the effects of the DNA 
properties of the telomeric repeats could be solely 
examined in vivo. 

In human telomeres, TRF1 and TRF2 recognize GGG 
TTAGGG in the two repeats (16-18) and they bind to 
20-30% and ~15% of all repeat regions, respectively 
(61). Furthermore, TRF1 and TRF2 form a complex 
with telomeric nucleosomes, and alter their structures 
(19-24). Because telomeric repeat regions are much 
longer (several 1000 bp) in higher eukaryotes, as 
compared with lower eukaryotes, it would be unfavour- 
able to have a long nucleosome-free region in telomeres, in 
terms of chromosomal stability. Thus, higher eukaryotes 
may have evolved to develop specific and functional 
chromatin structures including nucleosomes. Such 
development may also have occurred in lower eukaryotes, 
as 3-10% of the telomere region in the lower eukaryote 
Tetrahymena is organized in nucleosomes (62). The 



inherent feature of telomeric repeats to disfavour nucleo- 
some formation, in concert with telomeric binding 
proteins (such as TRF1 and TRF2), telomere-specific 
histone variants, histone modifications and histone chap- 
erones (63-67), may play a crucial role in the formation 
and dynamics of the telomeric chromatin structure. 

SUPPLEMENTARY DATA 

Supplementary Data are available at NAR Online. 
ACKNOWLEDGEMENTS 

The authors thank Mr Keita Handa and Ms Ayako 
Oshima, Meisei University, for technical assistance in 
the construction of plasmids and sample preparation, 
and Dr Wataru Kagawa, Meisei University, for critical 
reading of the manuscript, valuable comments and 
useful discussions. M.S. thanks Professor Yoshizumi 
Ishino, Kyushu University, for his encouragement 
during the course of this work. 

FUNDING 

The Ministry of Education, Culture, Sports, Science and 
Technology (MEXT), Japan (in part to M.S., Y.N. and 
H.K.); Japanese Society for the Promotion of Science 
(JSPS) (to M.S. and H.K.); Supported by the Waseda 
Research Institute for Science and Engineering (to 
H.K.). Funding for open access charge: Waseda 
University. 

Conflict of interest statement. None declared. 



REFERENCES 

1. Kornberg,R.D. and Lorch,Y. (1999) Twenty-five years of the 
nucleosome, fundamental particle of the eukaryote chromosome. 
Cell, 98, 285-294. 

2. Turner,B.M. (2012) The adjustable nucleosome: an epigenetic 
signaling module. Trends Genet., 28, 436-444. 

3. Wellinger,R.J. and Zakian,V.A. (2012) Everything you ever 
wanted to know about Saccharomyces cerevisiae telomeres: 
beginning to end. Genetics, 191, 1073-1105. 

4. Pisano,S., Galati,A. and Cacchione,S. (2008) Telomeric 
nucleosomes: forgotten players at chromosome ends. Cell. Mol. 
Life Set, 65, 3553-3563. 

5. Jain,D. and CooperJ.P. (2010) Telomeric strategies: means to an 
end. Ann. Rev. Genet., 44, 243-269. 

6. Zakian,V.A. (1995) Telomeres: beginning to understand the end. 
Science, 270, 1601-1607. 

7. WrightJ.H., Gottschling,D.E. and Zakian,V.A. (1992) 
Saccharomyces telomeres assume a non-nucleosomal chromatin 
structure. Genes Dev., 6, 197-210. 

8. Makarov,V.L., Lejnine,S., BedoyanJ. and LangmoreJ.P. (1993) 
Nucleosomal organization of telomere-specific chromatin in rat. 
Cell, 73, 775-787. 

9. Sykorova,E., FajkusJ., Ito,M. and Fukui,K. (2001) Transition 
between two forms of heterochromatin at plant subtelomeres. 
Chromosome Res., 9, 309-323. 

10. Lejnine,S., Makarov,V.L. and LangmoreJ.P. (1995) Conserved 
nucleoprotein structure at the ends of vertebrate and invertebrate 
chromosomes. Proc. Natl Acad. Sci. USA, 92, 2393-2397. 

11. FajkusJ., Kovarik,A., Kralovics,R. and Bezdek,M. (1995) 
Organization of telomeric and subtelomeric chromatin in the 
higher plant Nicotiana tabacum. Mol. Gen. Genet., 247, 633-638. 



Nucleic Acids Research, 2014, Vol. 42, No. 3 1551 



12. Tommerup,H., Dousmanis,A. and de Lange,T. (1994) Unusual 
chromatin in human telomeres. Mol. Cell. Biol., 14, 5777-5785. 

13. Smilenov,L.B., Dhar,S. and Pandita,T.K. (1999) Altered telomere 
nuclear matrix interactions and nucleosomal periodicity in ataxia 
telangiectasia cells before and after ionizing radiation treatment. 
Mol. Cell. Biol, 19, 6963-6971. 

14. Vershinin,A.V. and Heslop-HarrisonJ.S. (1998) Comparative 
analysis of the nucleosomal structure of rye, wheat and their 
relatives. Plant Mol. Biol, 36, 149-161. 

15. Muyldermans,S., De JongeJ., Wyns,L. and Travers,A.A. (1994) 
Differential association of linker histones HI and H5 with 
telomeric nucleosomes in chicken erythrocytes. Nucleic Acids Res., 
22, 5635-5639. 

16. Hanaoka,S., Nagadoi,A. and Nishimura,Y. (2005) Comparison 
between TRF2 and TRF1 of their telomeric DNA-bound 
structures and DNA-binding activities. Protein Sci., 14, 119-130. 

17. Court,R., Chapman,L., Fairall,L. and Rhodes,D. (2005) How the 
human telomeric proteins TRF1 and TRF2 recognize telomeric 
DNA: a view from high-resolution crystal structures. EM BO 
Rep., 6, 39-45. 

18. Nishikawa,T., Okamura,H., Nagadoi,A., Konig,P., Rhodes,D. 
and Nishimura,Y. (2001) Solution structure of a telomeric DNA 
complex of human TRF1. Structure, 9, 1237-1251. 

19. Galati,A., Magdinier,F., Colasanti,V., Bauwens,S., Pinte,S., 
Ricordy,R., Giraud-Panis,M.-J., Pusch,M.C, Savino,M., 
Cacchione,S. et al. (2012) TRF2 Controls telomeric nucleosome 
organization in a cell cycle phase-dependent manner. PloS One, 7, 
e34386. 

20. Baker,A.M., Fu,Q., Hayward,W., Victoria,S., Pedroso,I.M., 
Lindsay, S.M. and Fletcher,T.M. (2011) The telomere binding 
protein TRF2 induces chromatin compaction. PloS One, 6, 
el9124. 

21. Pisano,S., Leoni,D., Galati,A., Rhodes,D., Savino,M. and 
Cacchione,S. (2010) The human telomeric protein hTRFl induces 
telomere- specific nucleosome mobility. Nucleic Acids Res., 38, 
2247-2255. 

22. Benetti,R., Schoeftner,S., Munoz,P. and Blasco,M.A. (2008) Role 
of TRF2 in the assembly of telomeric chromatin. Cell Cycle, 1, 
3461-3468. 

23. Galati,A., Rossetti,L., Pisano,S., Chapman,L., Rhodes,D., 
Savino,M. and Cacchione,S. (2006) The human telomeric protein 
TRF1 specifically recognizes nucleosomal binding sites and alters 
nucleosome structure. /. Mol. Biol, 360, 377-385. 

24. Baker,A.M., Fu,Q., Hayward,W., Lindsay,S.M. and Fletcher,T.M. 
(2009) The Myb/SANT domain of the telomere-binding protein 
TRF2 alters chromatin structure. Nucleic Acids Res., 37, 
5019-5031. 

25. Morohashi,N., Yamamoto,Y., Kuwana,S., Morita,W., Shindo,H., 
Mitchell, A.P. and Shimizu,M. (2006) Effect of sequence-directed 
nucleosome disruption on cell-type-specific repression by oc2/ 
Mcml in the yeast genome. Eukaryot. Cell, 5, 1925-1933. 

26. Shimizu,M., Mori,T., Sakurai,T. and Shindo,H. (2000) 
Destabilization of nucleosomes by an unusual DNA conformation 
adopted by poly(dA>(dT) tracts in vivo. EMBO J., 19, 
3358-3365. 

27. Wang,Y.H. and Griffith, J.D. (1996) The [(G/C)3NN]n motif: a 
common DNA repeat that excludes nucleosomes. Proc. Natl 
Acad. Sci. USA, 93, 8863-8867. 

28. Vasudevan,D., Chua,E.Y. and Davey,C.A. (2010) Crystal 
structures of nucleosome core particles containing the '601' strong 
positioning sequence. J. Mol. Biol., 403, 1-10. 

29. White,C.L., Suto,R.K. and Luger,K. (2001) Structure of the yeast 
nucleosome core particle reveals fundamental changes in 
internucleosome interactions. EMBO J., 20, 5207-5218. 

30. FilesiJ., Cacchione,S., De Santis,P., Rossetti,L. and Savino,M. 
(2000) The main role of the sequence-dependent DNA elasticity 
in determining the free energy of nucleosome formation on 
telomeric DNAs. Biophys. Chem., 83, 223-237. 

31. Rossetti,L., Cacchione,S., Fua,M. and Savino,M. (1998) 
Nucleosome assembly on telomeric sequences. Biochemistry, 37, 
6727-6737. 

32. Cacchione,S., Cerone,M.A. and Savino,M. (1997) In vitro low 
propensity to form nucleosomes of four telomeric sequences. 
FEBS Lett., 400, 37-41. 



33. Pisano,S., Marchioni,E., Galati,A., Mechelli,R., Savino,M. and 
Cacchione,S. (2007) Telomeric nucleosomes are intrinsically 
mobile. J. Mol. Biol, 369, 1153-1162. 

34. Mechelli,R., Anselmi,C, Cacchione,S., De Santis,P. and 
Savino,M. (2004) Organization of telomeric nucleosomes: atomic 
force microscopy imaging and theoretical modeling. FEBS Lett., 
566, 131-135. 

35. Roth,S.Y., Dean,A. and Simpson,R.T. (1990) Yeast a2 repressor 
positions nucleosomes in TRP1/ARS1 chromatin. Mol. Cell. Biol., 
10, 2247-2260. 

36. Stansel,R.M., de Lange,T. and GrifflthJ.D. (2001) T-loop 
assembly in vitro involves binding of TRF2 near the 3' telomeric 
overhang. EMBO J., 20, 5532-5540. 

37. Shimizu,M., Takahashi,K., Lamb,T.M., Shindo,H. and 
Mitchell,A.P. (2003) Yeast Ume6p repressor permits activator 
binding but restricts TBP binding at the HO PI promoter. Nucleic 
Acids Res., 31, 3033-3037. 

38. TanaseJ., Morohashi,N., Fujita,M., NishikawaJ., Shimizu,M. 
and Ohyama,T. (2010) Highly efficient chromatin transcription 
induced by superhelically curved DNA segments: the underlying 
mechanism revealed by a yeast system. Biochemistry, 49, 
2351-2358. 

39. Thoma,F., Bergman,L.W. and Simpson,R.T. (1984) Nuclease 
digestion of circular TRP1ARS1 chromatin reveals positioned 
nucleosomes separated by nuclease-sensitive regions. /. Mol. Biol, 
111, 715-733. 

40. Shimizu,M., Roth,S.Y., Szent-Gyorgyi,C. and Simpson,R.T. 
(1991) Nucleosomes are positioned with base pair precision 
adjacent to the a2 operator in Saccharomyces cerevisiae. EMBO 
J., 10, 3033-3041. 

41. Kladde,M.P. and Simpson,R.T. (1994) Positioned nucleosomes 
inhibit Dam methylation in vivo. Proc. Natl Acad. Sci. USA, 91, 
1361-1365. 

42. Fazzio,T.G., Gelbart, M.E. and Tsukiyama,T. (2005) Two distinct 
mechanisms of chromatin interaction by the Isw2 chromatin 
remodeling complex in vivo. Mol. Cell. Biol., 25, 9165-9174. 

43. Zhang,Z. and ReeseJ.C. (2004) Ssn6-Tupl requires the ISW2 
complex to position nucleosomes in Saccharomyces cerevisiae. 
EMBO J., 23, 2246-2257. 

44. Edmondson,D.G., Smith, M.M. and Roth,S.Y. (1996) Repression 
domain of the yeast global repressor Tupl interacts directly with 
histones H3 and H4. Genes Dev., 10, 1247-1259. 

45. CooperJ.P., Roth,S.Y. and Simpson,R.T. (1994) The global 
transcriptional regulators, SSN6 and TUP1, play distinct roles in 
the establishment of a repressive chromatin structure. Genes Dev., 
8, 1400-1410. 

46. Morohashi,N., Nakajima,K., Kurihara,D., Mukai,Y., 
Mitchell,A.P. and Shimizu,M. (2007) A nucleosome positioned by 
a2/Mcml prevents Hapl activator binding in vivo. Biochem. 
Biophys. Res. Commun., 364, 583-588. 

47. Balasubramanian,B. and Morse,R.H. (1999) Binding of Gal4p 
and bicoid to nucleosomal sites in yeast in the absence of 
replication. Mol. Cell. Biol, 19, 2977-2985. 

48. Xu,M., Simpson,R.T. and Kladde,M.P. (1998) Gal4p-mediated 
chromatin remodeling depends on binding site position in 
nucleosomes but does not require DNA replication. Mol. Cell. 
Biol, 18, 1201-1212. 

49. Ryan,M.P., Jones,R. and Morse,R.H. (1998) SWI-SNF complex 
participation in transcriptional activation at a step subsequent to 
activator binding. Mol. Cell. Biol, 18, 1774-1782. 

50. Roth,S.Y., Shimizu,M., Johnson,L., Grunstein,M. and 
Simpson,R.T. (1992) Stable nucleosome positioning and complete 
repression by the yeast a2 repressor are disrupted by amino- 
terminal mutations in histone H4. Genes Dev., 6, 411-425. 

51. Ganter,B., Tan,S. and Richmond,T.J. (1993) Genomic 
footprinting of the promoter regions of STE2 and STE3 genes in 
the yeast Saccharomyces cerevisiae. J. Mol. Biol., 234, 975-987. 

52. Preti,M., Ribeyre,C, Pascali,C, Bosio,M.C, Cortelazzi,B., 
RougemontJ., Guarnera,E., Naef,F., Shore,D. and Dieci,G. 
(2010) The telomere-binding protein Tbfl demarcates snoRNA 
gene promoters in Saccharomyces cerevisiae. Mol. Cell., 38, 
614-620. 

53. Brevet,V., Berthiau,A.-S., Civitelli,L., Donini,P., Schramke,V., 
Geli,V., Ascenzioni,F. and Gilson,E. (2003) The number of 



1552 Nucleic Acids Research, 2014, Vol. 42, No. 3 



vertebrate repeats can be regulated at yeast telomeres by Rapl- 
independent mechanisms. EMBO J., 22, 1697-1706. 

54. Alexander,M.K. and Zakian,V.A. (2003) Raplp telomere 
association is not required for mitotic stability of a C3TA2 
telomere in yeast. EMBO J., 22, 1688-1696. 

55. McCall,M., Brown,T. and Kennard,0. (1985) The crystal 
structure of d(G-G-G-G-C-C-C-C). A model for 
poly(dG)-poly(dC). /. Mol. Biol., 183, 385-396. 

56. Stefl,R., Trantirek,L., Vorlickova,M., KocaJ., Sklenar,V. and 
Kypr,J. (2001) A-like guanine-guanine stacking in the aqueous 
DNA duplex of d(GGGGCCCC). /. Mol. Biol., 307, 513-524. 

57. Nishimura,Y., Torigoe,C. and Tsuboi,M. (1986) Salt induced B-A 
transition of poly(dG) ■ poly(dC) and the stabilization of A form 
by its methylation. Nucleic Acids Res., 14, 2737-2748. 

58. Lansdorp,P.M. (2005) Major cutbacks at chromosome ends. 
Trends Biochem. Set, 30, 388-395. 

59. LormandJ.D., Buncher,N., Murphy, C.T., Kaur,P., Lee,M.Y., 
Burgers,P., Wang,H., Kunkel,T.A. and Opresko,P.L. (2013) DNA 
polymerase 5 stalls on telomeric lagging strand templates 
independently from G-quadruplex formation. Nucleic Acids Res., 
50, 437-443. 

60. Pisano,S., Pascucci,E., Cacchione,S., De Santis,P. and Savino,M. 
(2006) AFM imaging and theoretical modeling studies of 
sequence-dependent nucleosome positioning. Biophys. Chem., 124, 
81-89. 



61. Loayza,D. and De Lange,T. (2003) POT1 as a terminal 
transducer of TRF1 telomere length control. Nature, 423, 
1013-1018. 

62. Cohen,P. and Blackburn,E.H. (1998) Two types of telomeric 
chromatin in Tetrahymena thermophila. J. Mol. Biol., 280, 
327-344. 

63. Meneghini,M.D., Wu,M. and Madhani,H.D. (2003) Conserved 
histone variant H2A.Z protects euchromatin from the ectopic 
spread of silent heterochromatin. Cell, 112, 725-736. 

64. Rong,Y.S. (2008) Loss of the histone variant H2A.Z restores 
capping to checkpoint-defective telomeres in Drosophila. Genetics, 
180, 1869-1875. 

65. Goldberg,A.D., Banaszynski,L.A., Noh,K.-M., Lewis,P.W., 
Elsaesser,S.J., Stadler,S., Dewell,S., Law,M., Guo,X., Li,X. et al. 
(2010) Distinct factors control histone variant H3.3 localization at 
specific genomic regions. Cell, 140, 678-691. 

66. Lewis,P.W., Elsaesser,S.J., Noh,K.-M., Stadler,S.C. and Allis,C.D. 
(2010) DAXX is an H3.3-specific histone chaperone and 
cooperates with ATRX in replication-independent chromatin 
assembly at telomeres. Proc. Natl Acad. Sci. USA, 107, 
14075-14080. 

67. Wan,Y., Chiang,J.-H., Lin,C.-H., Arens,C.E., Saleem,R.A., 
SmithJ.J. and AitchisonJ.D. (2010) Histone chaperone Chzlp 
regulates H2B ubiquitination and subtelomeric anti-silencing. 
Nucleic Acids Res., 38, 1431-1440. 



